this period . The C-value paradox will provide a partial link in the story . Several times during this period it seemed that the paradox could be explained away, but each time the explanation was invalidated by new information . The unexpectedly large and variable amount of DNA in eukaryotic genomes remains a major complicating feature in understanding chromosome organization .
DNA Constancy
The staining characteristics of chromosomes, especially their coloration by a variety of synthetic dyes as well as by such natural products as hematoxylin and carmine, originally inspired the words "chromosome" and "chromatin ." Flemming (1) defined chromatin as "the substance in the cell nucleus which takes up the color during nuclear staining," and in a remarkably accurate conjecture he suggested that chromatin might be the same as the recently discovered "nuclein" of Miescher (2) . Even after the existence of DNA in certain nuclei, chiefly those of sperm and thymus, became well accepted, the lack of a specific stain hampered progress at the chromosome level . Fortunately such a stain was found by Feulgen and Rossenbeck in 1924 (3) , who modified the familiar Schiff test for aldehydes into a simple and reliable histochemical procedure for DNA . The Feulgen reaction was quickly adopted by chromosome cytologists, who were able for the first time to verify the existence of DNA in both plant and animal chromosomes and to show that cytochemically demonstrable DNA was, with few exceptions, absent from the cytoplasm. Another quarter century passed, however, before Pollister and Ris (4) demonstrated that the amount of Feulgen stain could be used to estimate the DNA content of a nucleus. Their study and many others that soon followed it, helped convert nuclear cytology from an observational and descriptive subject to an experimental science with a developing theoretical framework .
Several generalizations about nuclear DNA emerged from the quantitative Feulgen studies (5) . In particular, it was recognized that each species of animal and plant could be characterized by the amount of DNA in its nuclei . In most cases measurements were made on nondividing diploid nuclei, but in some instances the DNA contents of haploid gametes, either sperm or microspore nuclei, were measured and found to be half the diploid amount . From a large number of such measurements the idea of DNA constancy was established : the nonreplicating haploid chromosome complement of a species is characterized by a constant amount of DNA, called the Cvalue for that species . Feulgen dye measurements confirmed the fact, recently discovered by the new technique of autora-diography (6) , that DNA replication occurred during interphase of the mitotic cycle .
A striking feature of the quantitative measurements was the extreme variation in C-value for different organisms, ranging from a low of 0 .18 pg in Drosophila melanogaster through intermediate values of 3-4 pg in various mammals including man, to highs of 50-100 pg in salamanders and some monocot plants . Even within groups of closely related organisms variations were seen, a factor of two between species in the same genus being common (7, 8) . The wide range of C-values at first did not trouble chromosome cytologists . They were accustomed to the fact that some organisms had large chromosomes associated with correspondingly large nuclei and cells, whereas others had only small ones, and it was not surprising that those size differences were reflected in DNA contents . More importantly, the contemporary model of chromosome organization provided an explanation for the size differences . According to this model, chromosomes were multistranded cables consisting of two, four, eight, or more identical subunits (9) . It was not difficult to suppose that related organisms with different Cvalues simply had different numbers of subunits in their chromosomes. Support for this concept was provided by the fact that related organisms often had similar or identical karyotypes despite large differences in absolute chromosome size or DNA content (10) .
This comfortable picture was called into question by experiments that suggested that chromosomes were, in a sense, much simpler: they consisted of a single gigantic DNA molecule . This so-called unineme model was slow to take hold, and many attempts were made to reconcile the new data with a multistranded chromosome . By the mid-1960s, however, it was clear that uninemy was here to stay and that the C-values posed a number of unresolved problems . If organisms with widely different C-values did not differ in the number of identical strands per chromosome, did they contain different numbers of genes? Why was there no clear correlation between morphological complexity and C-value? Why were even the lowest Cvalues so large? For instance, Drosophila with the lowest Cvalue outside the fungi had enough DNA to code for well over 100,000 proteins, and mammalian genomes were nearly 20 times larger . Before considering these questions in more detail, let us look briefly at the evidence for uninemy .
Uninemy
Earlier arguments about chromosome strandedness were sometimes confused by failure to define the problem explicitly. With the clear view of hindsight to guide us, the question is easy to state. How many DNA molecules are there in one chromatid? Historically the first convincing evidence came from the ingenious experiments of Taylor and his colleagues, who followed the distribution of tritium-labeled thymidine though successive chromosome replications (11) . They showed that both chromatids of a chromosome were equally labeled at the first mitosis after administration of the isotope, but only one of the two chromatids was labeled at the second mitosis (or more precisely, because of sister chromatid exchanges, only one chromatid was labeled at a given point along the length of the chromosome). This distribution of label was called semiconservative to distinguish it from conservative (one labeled and one unlabeled chromatid at the first division) or dispersive (all chromatids labeled at all divisions). Taylor's demonstration of semi-conservative distribution of label during chromosome 4s THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981 replication was published at about the same time as Meselson and Stahl's similar experiment showing the semiconservative distribution of density label during DNA replication in Escherichia coli (12) . Both experiments implied that the unit under consideration-the chromatid or the DNA molecule-consisted of two subunits, that separated but remained intact during replication. In a second but less well-known set of experiments, Taylor demonstrated that the two subunits of the chromatid differed in such a way that rejoining after breakage was restricted (13) . Because the two strands of the DNA double helix differed in polarity (5' -+ 3') the simplest interpretation was that the two subunits of a chromatid corresponded to those strands . By incorporating bromodeoxyuridine into chromosomes and staining with Giemsa (14) , it is now possible to reproduce Taylor's results without the need for autoradiography (Fig. 1) . The staining procedure is particularly valuable for studying multiple sister chromatid exchanges .
Evidence of a quite different sort came from observations on lampbrush chromosomes of Amphibian oocytes . Morphological analysis had shown that the lateral loops of these chromosomes occurred in pairs corresponding to the two sister chromatids (15, 16) . Although the bulk of each loop consisted of a matrix of ribonucleoprotein, DNase digestion experiments carried out by Callan and Macgregor (17) established that the continuity of the loops was maintained by DNA. Extending these observations Gall (18) demonstrated that loop digestion followed two-hit kinetics, which suggested that a loop and hence a chromatid had one DNA molecule as its structural axis (Fig. 2) . In the same experiments the interchromomeric fiber, which presumably corresponded to a pair of chromatids or two DNA molecules, followed four-hit kinetics. Shortly afterward Miller (19, 20) published his extraordinary electron micrographs of lampbrush loops showing that the bulk of a loop consisted of long fibrils extending laterally from a very delicate axis. Because these fibrils showed a gradient of lengths and because it was known from cytochemical studies that loops were actively synthesizing RNA, the simplest interpretation FIGURE 1 Semiconservative replication and sister-chromatid exchanges visualized in Chinese hamster chromosomes by the BrdUGiemsa technique . From Wolff and Perry (14) . Using [ 3 Hlthymidine Taylor et al . (11) were the first to demonstrate semiconservative replication and provide experimental evidence in favor of a unineme model of the chromatid . Bar, 10ILm . FIGURE 2 Successive stages in the digestion of a newt lampbrush chromosome loop (=chromatid) by pancreatic DNase I . Analysis of the kinetics of digestion indicates that the DNA axis of the loop consists of a single Watson-Crick double helix (18) . Bar, 50ILm . was that a loop consisted of numerous RNA transcripts still attached to the DNA segment that served as their template (see Fig . 7 in article by O.L. Miller, this volume) .
The observations on lampbrush chromosomes as well as Taylor's experiments strongly suggested that a chromatid was not laterally redundant with the respect to its DNA molecules . Neither set of data proved conclusively that a single uninterrupted DNA molecule ran from one end of the chromatid to the other. In order to prove this, one needed to isolate DNA molecules long enough to contain all the DNA of a single chromatid. This has now been done for the yeast Saccharomyces and for several species of Drosophila. The key to such experiments was the development by Zimm and co-workers (21) of a suitably sensitive method for determining molecular weights in the range of 108-10 11 daltons . In their procedure one measures the rate at which experimentally stretched DNA molecules resume a random coil configuration (viscoelastic recoil) . Kavenoff and Zinun (22) showed that molecules as large as 4 x 10 1°daltons could be isolated from D. melanogaster tissue culture cells. Estimates based on the relative sizes of the chromosomes and the C-value determined by Feulgen photometry showed that the total DNA of the two longest chromosomes (numbers 2 and 3) could be contained in such molecules. Viscoelastic measurements on two other Drosophila species, D. virdis and D. americana were likewise consistent with their karyotypes and DNA contents . More recently viscoelastic measurements have been carried out on the DNA of Saccharomyces cerevisiae with the same conclusion (23) . In the case of yeast the C-value is so low (about 101°daltons) and the chromosome number so high (n = 17) that the average chromosome contains only one-fourth as much DNA as E. coli. By contrast chromosomes 2 and 3 of D. melanogaster each contain a DNA molecule 2 cm in length, some 20 times the length of the E. coli chromosome. A determined proponent of multistranded chromosomes could argue that the minute chromosomes of yeast and Drosophila are just the ones expected to be unineme . Viscoelastic measurements on organisms with higher C-values pose severe technical problems, and for the moment such direct evidence for uninemy is not available for mammals, amphibians, and monocot plants .
A final argument for uninemy derives from studies on reassociation of DNA . As shown originally by Britten and Kohne (24) a large fraction of the DNA in the genome of higher eukaryotes reassociates with single-copy kinetics . That is, it reassociates at the rate predicted from the known C-value, and the assumption that sequences are present only once per genome. This fording is a strong argument against chromosome models that postulate that each chromatid consists of multiple identical subunits .
It should be noted that the good correlation that exists between C-value and genome complexity, as determined by DNA reassociation kinetics, also effectively rules out any other model of chromosome structure that postulates that all or a majority of sequences are present in multiple copies . Callan (25) proposed a model in which each "master" gene of an organism was accompanied by a number of "slave" genes in tandem array . Variations in C-value between organisms were explained as variations in the number of slave copies . The master-slave model, in addition to other ingenious features, offered a way to reconcile unineme chromosome structure with variable DNA contents, and for a while seemed to offer a solution to the C-value paradox . In its simplest form, however, it is incompatible with the fact that the largest fraction of DNA in most organisms is not present in multiple copies.
Of the five tests of uninemy discussed here-distribution of label during replication, DNase kinetics, electron microscopy of transcription, viscoelastic measurements, and reassociation kinetics-one or more have been applied to a large number of different animals and plants . No single organism has been looked at by all five methods, but eukaryotes spanning the entire range of C-values from yeast on up have been examined. If high C-values were due to multistranded chromosomes, then the salamanders and monocots should have provided the evidence .
Chromosome Organization : Euchromatin and Heterochromatin Early in this century, cytologists recognized that certain chromosomes remained condensed during interphase and prophase when other chromosomes were either indistinguishable as such or were exceedingly long and thin. Such heterochromosomes, as they were called, proved in many cases to be sex chromosomes. In 1929 Heitz (26) showed that differential condensation was not limited to sex chromosomes, but often characterized part of an otherwise normal chromosome . He suggested the terms heterochromatin and euchromatin to describe the unusually condensed and the more typical segments, respectively. He showed that regions next to centromeres, at the ends of chromosomes, and adjacent to the nucleolus tended to be heterochromatic, and numerous subsequent studies have confirmed his observations in many plants and animals . Over the years a bewildering array of characteristics has been ascribed to heterochromatin. Chief among these is genetic "inactivity ." In some cases, as in Drosophila, this means absence of detectable mutants in most of the Y and in the cytologically heterochromatic regions near the centromeres of the other chromosomes (27) . In other cases, most clearly demonstrated by the mammalian X chromosome (28) and the paternal set of chromosomes in mealy bugs (29) , inactivity means suppression of function in an otherwise normal chromosome or set of chromosomes. Other characteristics include late replication during the S-period (30), differential replication (31, 32) , absence of meiotic recombination (27) , effects on euchromatic regions brought into proximity with heterochromatin (33) , and even elimination of heterochromatin from certain cells (34, 35) . Some order was brought into the discussion of heterochromatin by Brown and Nur (29) , who recognized two broad categories that they called facultative and constitutive heterochromatin . They defined these as heterochromatin present in only one homologue or in both homologues. This rather unusual definition distinguished heterochromatin as a state of an otherwise normal chromosome (facultative) from heterochromatin as a permanent condition (constitutive) .
The distinction between facultative and constitutive heterochromatin took on added significance with the demonstration by in situ nucleic acid hybridization that mouse satellite DNA was located in the constitutive heterochromatin adjacent to the centromeres in all the chromosomes except the Y (36) (Fig. 3 ). Mouse satellite DNA had been discovered as a minor component in CsCl buoyant density gradients . Extensive physical and chemical studies (24, 37, 38) showed it to consist of a 240-basepair sequence serially repeated about one million times in the mouse genome . Because the satellite constituted about 8-10% of the DNA and the centromeric heterochromatin a similar fraction of the total chromosome length, it seemed probable that the constitutive heterochromatin of the mouse consisted largely if not exclusively of satellite DNA . Shortly thereafter the satellite DNAs of D . melanogaster and D . virilis were also shown to correspond with constitutive heterochromatin. In D. virilis over 40% of the genome consists of three related simple sequence satellites, correlated with very prominent heterochromatic regions in each of the mitotic chromosomes (39) . For many years it had been known that the heterochromatic regions were not replicated proportionately during the formation of the giant polytene chromosomes (31) . The satellites were not demonstrable by CsCl gradient centrifugation in DNA extracted from salivary glands of larvae, and in situ hybridization showed that their absolute amount in the giant polytene nuclei was not detectably different from that in diploid nuclei (32) . It was clear, therefore, that the unusual replicative behavior of heterochromatin was correlated in this case with an unusual FIGURE 3 Mouse chromosomes hybridized in situ with [3 H ]RNA complementary to mouse satellite DNA. Hybridization is limited to the constitutive heterochromatin adjacent to the terminal centromeres . From Pardue and Gall (36) . Bar, 10 gm .
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THE JOURNAL Or CELL BIOLOGY " VOLUME 91, 1981 type of DNA . Simple sequence DNAs from a large number of organisms including man have now been localized by in situ hybridization to constitutive heterochromatin . So strong is the correlation that one can be fairly sure that an organism with cytologically prominent constitutive heterochromatin will have simple sequence DNA readily detectable by buoyant density analysis or reassociation kinetics.
In the in situ hybridization experiments on mouse chromosomes Pardue and Gall (36) noted that constitutive heterochromatin was differentially stained by the Giemsa stain. By simple omission of the hybridization step from the in situ procedure the C-banding technique was born. Although not specific in a chemical sense, C-banding permits a useful rapid screening for regions of constitutive heterochromatin.
The simple chemical structure of the DNA in constitutive heterochromatin provides an adquate explanation for the lack of structural genes and mutations in these regions . Why this type of DNA should be so prominently associated with centromere and telomere regions is not at all clear. An answer to the unusual distribution of simple sequence DNA will probably not come before the overall significance of these sequences is discovered. Several hypotheses have enjoyed a certain amount of popularity. For example, it has been suggested that simple sequences are involved in chromosome pairing or crossing over at meiosis (40) , that they provide a reservoir of sequences to be converted by mutation into more typical DNA (24) , or that simply by their bulk they provide a mechanism for increasing nuclear and cell size (41) . Another view stresses that these sequences have no essential cellular function, but do have special replicative properties that give them a selective advantage (42, 43) .
In some cases simple sequence DNA accounts for much or all of the difference in C-value between related species. For instance the genomes of D . melanogaster and D . virilis contain 0 .18 and 0 .36 pg, respectively . In D. virilis, as already mentioned, the simple sequence satellites constitute more than 40% of the DNA compared with about 18% for D. melanogaster. The euchromatic portions of the genome, or more specifically the single copy DNA of the two species, are not strikingly different in amount. Such comparisons are of limited validity when dealing with major C-value differences, because in general the fraction of single copy DNA does not correlate with Cvalue . That is, the proportion of single copy to repetitive DNA varies greatly in organisms with both low and high C-values. One cannot postulate a "basic" single copy genome for eukaryotes, which is simply augmented by repetitive sequences in organisms with high C-value.
Whole chromosomes or parts of chromosomes that change from the normal mitotic cycle of condensation-decondensation to a more or less permanently condensed state are said to be facultatively heterochromatic . In the best studied cases such as the mammalian X chromosome (28) and the paternal set of chromosomes in mealy bugs (29) , the switch in morphological state is correlated with suppression of gene activity. The situation in mammals was first suggested by the discovery of a condensed mass of chromatin, the Barr body, in cells of females (44) . Later the Barr body was shown to correspond with only one of the two X chromosomes, the other X behaving like the autosomes (45) . Genetic studies being conducted at the same time suggested that X-linked genes in the female did not follow the usual dominant-recessive rules, but instead both alleles were expressed in different patches of tissue . This was particularly well shown by coat color genes, but it was also demon-strated for biochemical markers . The genetic and cytological features taken together indicated that inactivation of one X chromosome occurred early in development in each somatic cell of a normal diploid female, so that the adult soma is a mosaic of clones, each clone expressing the genes of only one X chromosome. The situation in mealy bugs is similar in principle, but in this case a whole set of chromosomes is inactivated in male somatic cells. This is usually the paternal set so that males express only genes inherited from their mother.
The mechanism by which functionally active euchromatin is converted to condensed, inactive heterochromatin is completely obscure. It has been suggested several times that methylation of DNA might be a primary event in inactivation (46, 47) . Despite the attractive nature of such an hypothesis, including analogy to the restiction-modification systems of bacteria, the available evidence is scanty . Now that restriction enzymes are available whose specificity depends on the state of methylation of nucleotides at the recognition site, it is possible to examine methylation of particular genes and to test the methylation hypothesis critically (48, 49) . Whatever the mechanisms may be by which regions become heterochromatic, those mechanisms may shed light on the process of gene activation during development . Nearly all models of embryonic development and cell differentiation rely on the concept of differential gene activation and inactivation. It is possible to imagine that activation or inactivation of individual genes or blocks of genes during development might proceed by mechanisms similar to those involved in facultative heterochromatinization .
Nucleosomes and Chromosome Fine Structure
The DNA molecule contained in a chromatid is several thousand times longer than the chromosome seen at metaphase of mitosis . For instance, the X chromosome of D. melanogaster is about 1 .8 jim long at metaphase, but contains 1 cm of DNA . How this compaction is achieved, and what happens when the chromatid partially unwinds during interphase or in the formation of giant polytene and lampbrush chromosomes are structural problems yet to be resolved in detail. The first order of compaction, that which converts the extended DNA molecule into a beaded string of nucleosomes, is now well understood from a structural standpoint.
Early attempts to examine chromosome structure by electron microscopy were notably unsuccessful. Thin sections, which revealed exquisite detail in the organization of mitochondria, the endoplasmic reticulum, flagella, and many other cytoplasmic structures, showed only an indistinct fibrillar and granular arrangement of the nuclear contents . Just as light microscopical studies proceeded very slowly until squash methods were introduced, so electron microscopy of chromosomes had to await methods for unraveling chromosomes for whole mount observations . It was no more possible to deduce the structure of an interphase nucleus by sectioning it that it would be to do the same with a ball of string. Even so, the first attempts to spread chromatin using surface tension forces at an air-water interface were not overly informative (50) (51) (52) . Such studies did establish that nuclei and chromosomes of many organisms consisted of irregular fibers some 200-300 A in diameter, but little internal FIGURE 4 Electron micrograph of chromatin spread under low ionic conditions on a hydrophilic substrate ("Miller spread") . Nucleosomes are the most prominent feature of such transcriptionally inactive regions . From McKnight and Miller (67) . Bar, 1 [Lm . detail was evident. The situation changed dramatically when Miller (19, 20) introduced the simple expedient of centrifuging chromosomes and chromatin preparations from hypotonic solutions onto hydrophilic substrates (Figs. 4 and 5 ) . Under these conditions the delicate chromatin fibrils were beautifully displayed in an extended condition, and it became possible to examine regions of transcriptional activity, because the nascent ribonucleoprotein molecules remained attached . Olins and Olins (53) first called attention to the regularly beaded structure of chromatin prepared in this fashion. They designated the beads v-bodies and suggested that they constituted a new structural feature characteristic of chromatin from many different sources. The v-bodies, as described by Olins and Olins, were about 70 A in diameter and were connected by a thinner fiber of irregular length . Combined biochemical and electron microscopical studies by Chambon and his co-workers (54) on adenovirus-2 chromatin demonstrated that each bead was associated with about 200 base-pairs of DNA. Chambon called the beads nucleosomes, the name now generally used.
At about the same time biochemical experiments also suggested a repeating structure for chromatin. Hewish and Burgoyne (55) noticed that DNA isolated from rat liver nuclei,
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THE JOURNAL Or CELL BIOLOGY " VOLUME 91, 1981 which had been allowed to self-digest, was cut into a series of fragments having lengths of about 200, 400, 600, etc. nucleotides. The effect was traced to an endogenous nuclease activated by Ca" or Mg". Exactly comparable digestion of isolated chromatin was obtained with micrococcal nuclease so long as the chromatin was isolated with minimal shearing (56) . The nuclease digestion studies demonstrated that chromatin, as opposed to free DNA, was organized in some manner that made the DNA preferentially susceptible to enzymatic attack at regularly repeated intervals.
The key to the enzymatic susceptibility clearly had to he in the association of DNA with histone. Kornberg (57) proposed a model of nucleosome structure in which 200 base-pairs of DNA were wrapped around a histone octamer consisting of two each of the most highly conserved histones, H2A, H2B, H3, and H4 . Kornberg's model made use of the long known fact that DNA and histone occur in approximately equal amounts by weight and that the four conserved histones are present in equimolar amounts. It was also based on his own studies, which showed strong binding in solution between the pairs H2A-H2B and H3-H4 (58 
pairs of DNA to form a "core" nucleosome, the remaining DNA being less tightly associated with the octamer and indeed varying in length from one organism to the next and apparently even between tissues of the same organism . Histone H 1 is associated with this variable linker region between successive nucleosomes .
The behavior of nucleosomes during DNA replication has been studied by Weintraub and co-workers making use of density labeling of the proteins (62) . They have shown that "old" histone octamers remain intact during replication and that "new" octamers consist entirely of proteins synthesized during the time of replication . The exact distribution of old and new octamers has not yet been determined, although it is known that successive octamers on a replicated chromatid tend to be all old or all new over short distances. Permanent changes between two daughter chromatids could arise if the new octamers associated with one of the strands differed from the old in some respect. In this connection it is of considerable interest that the histones of early and late sea urchin embryos are coded for by different structural genes (63) .
Transcriptionally active genes differ from bulk chromatin with respect to their nuclease sensitivity, as originally found for the globin gene in erythropoietic tissue. Weintraub and Groudine (64) showed that the a-globin gene in a transcriptionally active tissue was more susceptible to nuclease digestion than bulk chromatin, whereas it was not so in a transcriptionally inactive tissue such as liver. Similar findings have been reported for the chick ovalbumin gene (65) and several other highly active genes. Because these studies involve digestion of total chromatin followed by hybridization with specific probes, they are difficult to relate to the behavior of individual nucleosomes during transcription. Electron microscopic studies of active genes (66, 67) often show widely spaced transcripts between which the chromatin appears to have a normal nucleosome structure, an exception being the ribosomal RNA genes that always have closely spaced transcripts . Nevertheless, detailed analysis of specific genes using a combination of DNase 1 digestion and blot hybridization (68, 69) suggests that the whole region of active transcription is altered in a highly specific manner and that sites of preferential cutting are exposed.
The coiling of DNA around the nucleosome core results in a six-to sevenfold reduction in length relative to fully extended DNA (200 base-pairs represent 680 A of DNA, whereas nucleosomes are approximately 100 A in diam.). Clearly, therefore, there must be higher orders of coiling or folding to account for the known dimensions of chromosomes. Because a fiber of approximately 200-300 A diameter occurs as the next most complex feature seen by electron microscopy (Fig . 5) , several hypotheses have been suggested to account for its structure . These models are concerned with the way in which arrays of nucleosomes may be packed into helical supercoils (70, 71) or superbeads (72) . Until detailed X-ray data become available it will be hard to choose among these models .
Even the 200-to 300-A fiber is considerably longer than a metaphase chromatid . Electron micrographs of chromosomes spread at a water-air interface clearly show the 200-to 300-A fibers projecting as short loops all over the chromosome surface; they can also be seen in sections of isolated chromosomes. If the histones are removed from isolated metaphase chromosomes and the chromosomes are then centrifuged onto an electron microscope grid for examination, extremely long loops of DNA project from an irregular "scaffold" whose dimensions are similar to the original intact chromosome (73) . The nature of the scaffold is unclear, and it may, in fact, be some type of precipitation artifact . Nevertheless the striking morphology of such histone-depleted chromosomes suggests that the basic 200-to 300-A fiber of metaphase chromosomes may be thrown into numerous loops reminiscent of the loops of lampbrush chromosomes. Whether these loops are permanent features of the chromosome, dividing it into specific domains, or represent a less ordered arrangement simply for purposes of packaging, is an important unanswered question .
Specific Sequence Organization
During the past 10 years an enormous amount of information has been collected about the organization of specific gene sequences. The earlier studies concerned rDNA, 5S DNA, and the genes coding for the histones, because these sequences are the most abundant and could be isolated by relatively simple physical methods, particularly centrifugation (74) . Within the past few years, however, methods for gene cloning, the availability of numerous restriction enzymes, and rapid methods for DNA sequencing have made it possible to obtain detailed information on almost any desired gene . As a result molecular taxonomy has become a boom industry . From the plethora of information now available generalizations are beginning to emerge . For instance, serially repeated genes are generally separated by spacer regions that are not transcribed; specific sequences are found at the 5'-and 3'-ends of coding regions and probably represent promoter and terminator signals; many coding regions are interrupted by so-called intervening sequences or introns, which are transcribed but later removed from the mature messenger RNA . I will not attempt to cover these details of sequence organization, which have been well summarized in recent reviews (75, 76) . Instead I will concentrate on a limited set of properties having to do with overall chromosome organization, especially the number of repeats of a given sequence in the genome, the chromosomal distribution of these sequences, and the total amount of DNA involved (as coding sequences, spacers, and introns). The general conclusion that I would like to emphasize is that the number and arrangement of sequences are often closely related to the life history and evolution of an organism, in much the same way that chromosome numbers, special sex-determining mechanisms, and the presence of chromosomal rearrangements reflect evolutionary and developmental strategies (10) . This general conclusion will delight those who enjoy variety for its own sake . At the same time it puts an added burden on the molecular biologist who must decide which features of a particular gene family are of general significance and which apply only to the specific case.
These generalizations are most easily illustrated by the genes coding for 18S and 28S ribosomal RNA . In almost all eukaryotic organisms studied so far, these genes are present in serially repeated copies consisting of alternating transcribed and nontranscribed regions . The transcribed region contains the sequences for the 18S, 5 .8S, and 28S RNA; read in that order, along with a short region preceding the 18S gene and short stretches between the genes, which are subsequently removed. The nontranscribed spacer region can be very short or much longer than the coding segment, depending upon the organism, and often shows variability even within an organism. In at least some cases it has an internal repeating unit so that it resembles simple sequence DNA (77) .
The localization of rDNA at the nucleolus organizer was fast shown for Drosophila and Xenopus by a combination of cytogenetic and biochemical data (78, 79) . Subsequently the position of rDNA has frequently been demonstrated by in situ hybridization (see review in reference 76) . Many organisms have a single organizer, although multiple sites are not uncommon (humans have five, for instance) . Although many organisms have an organizer near the centromere or at an interstitial position on a chromosome arm, a surprising number have their nucleolus organizer near the end of the short arm of one chromosome (80) . The significance of this generalization is unknown.
Most organisms have from a few dozen to a few hundred rDNA repeats . For instance, yeast has 140 copies, D. melanogaster has about 200 copies, and humans between 150 and 200. Very high numbers up to 5,000 or more have been reported for salamanders and some plants (see review in reference 76) . In assessing the percent of the genome devoted to rDNA, one must know the lengths of the nontranscribed spacer and intervening sequences when they occur . The lengths of spacers are quite variable. They are very short in Bombyx and Sciara, for instance, so that most of the repeat length is accounted for by the coding region . At the other extreme very long repeats have been described in the mouse and humans (40 kb), the cricket Acheta (35 kb), and the water beetle Dytiscus (29 kb) . Intervening sequences have been described in several eukaryotic 28S gene sequences, where they range in size from 407 bases in Tetrahymena pigmentosa (81) , about 5 kb in D. melanogaster (82) , to 9.8 kb in D. virilis, (83) all organisms with relatively low C-values . There is no simple relationship between number of rDNA copies, total rDNA (including spacers and intervening sequences), and C-values . One might have predicted that the number or size of rDNA repeats would go up in proportion to C-value. Although it is true that the highest values are found in high C-value organisms, there is, if anything, a tendency for low C-value organisms to devote a larger percentage of their genome to rDNA (for instance the numbers are 5% for yeast, 1% for D. melanogaster, and 0 .2% for Xenopus laevis) . The long nontranscribed spacers do not belong to organisms with especially large genomes, and the longest known rDNA intron (D. virdis) is in an organism with a low C-value .
One of the most striking features of rDNA is the fact that copies may exist as free, extrachromosomal molecules in addition to the more typical, chromosomally integrated repeats . The most extreme case of this phenomenon, termed amplification, is found in oogonia and oocytes of many animals (84, 85) . In Xenopus oocytes there are about 2 x 106 rDNA repeats organized in approximately 1,000 extrachromosomal nucleoli located around the periphery of the giant oocyte nucleus . These amplified genes have been the object of intense investigation (reviewed in reference 86) . It is known that they arise from chromosomal copies during the earliest oogonal stages (probably as single repeats), that they replicate extrachromosomally by a rolling circle mechanism primarily during the pachytene stage of meiosis I, and that they engage in intense ribosomal RNA synthesis during vitellogenesis. The overall biological significance of amplification is reasonably clear . The oocyte is a single cell, which grows to a size many thousand times larger than a somatic cell and which accumulates ribosomes for protein synthesis during embryogenesis . The 4C oocyte nucleus 1 0S THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981 of Xenopus contains only 2,000 integrated rDNA copies, which, if transcribing at maximal rate, would require many years to produce the 4 hg of rRNA contained in a mature oocyte . Many giant cells, which are faced with a similar problem (such as silk gland cells in Bombyx) become polyploid, thereby increasing the total number of rDNA sequences along with the whole genome. Such an avenue would not be open to an oocyte without a complete restructuring of the meiotic phenomena. In a sense, then, by amplification the oocyte manages to polyploidize its rDNA while leaving the rest of the genome intact at the 4C level. This general conclusion was reached in 1942 by Painter and Taylor (87) long before the nucleolar DNA of the oocyte was recognized as coding for rRNA.
rDNA amplification is found in oocytes of many animals, both vertebrate and invertebrate, but it is not universal. For instance, the oocyte nucleus of Drosophila shows no sign of amplification, yet the oocyte is large and well supplied with ribosomal RNA . Here, as in many insects, rRNA comes from polyploid nurse cells whose cytoplasm is physically continuous with the oocyte cytoplasm (88) . In still other organisms with small oocytes neither amplification nor nurse cells occur, the chromosomal copies of rDNA being adequate for the number of rRNA molecules needed.
rDNA amplification is also found in the macronucleus of the ciliated protozoan Tetrahymena (89, 90) . Its occurrence here is correlated with the well-known nuclear dualism of ciliates, which have a transcriptionally inactive diploid micronucleus (the germinal nucleus) and a transcriptionally active polyploid macronucleus (the somatic nucleus) . There is a single chromosomally integrated rDNA copy in the micronucleus, but several thousand amplified extrachromosomal copies in the macronucleus (91) . The significance of amplification in this case seems to be much the same as in oocytes-the large, rapidly growing cell could not synthesize enough rRNA from the rDNA copies present in the chromosomes .
Amplification of genes other than rDNA is known in two cases . The first involves cultured cells resistant to the folate analog methotrexate in which the nomally single copy gene for dihydrofolate reductase may be present in several hundred copies (92) . The amplified genes are responsible for greatly increased production of dihydrofolate reductase, permitting the cells to function in the presence of the drug . The second is the recently discovered amplification of chorion protein genes in the ovary of Drosophila (93) . This is an unusually interesting case because it is the first example of a protein-coding gene that amplifies during normal cell differentiation . Cells that produce massive amounts of a single protein, for example silk fibroin or egg albumin, ordinarily do so without amplification of the corresponding gene (94) . Large amounts of protein can be synthesized because the mRNA is stable and because the tissue is active for many hours or days. Spradling and Mahowald argue that Drosophila oogenesis proceeds so fast that only multiple gene copies can produce the required number of chorion mRNA molecules (93) . If their argument is correct, one should find other cases of amplification (or multiple chromosomal copies) of structural genes in extremely rapidly developing systems .
The existence of amplified genes in diverse organisms and cell types underscores the conclusion that the number ofgene copies is often understandable only after considering the life history of the organism and the specific features of the cell type in which the genes are transcribed . The same general conclusion is illustrated in a dramatic fashion by the genes coding for 5S RNA . 5S RNA is a small molecule, 120 nucleotides in length, present as a single copy in the larger ribosomal subunit . In two organisms (yeast and Dictyostelium) the 5S coding sequence is located between the 17S and 25S genes (95, 96) , but in all other investigated cases it occurs in tandemly repeated units unlinked to the other ribosomal RNA sequences . As with the 18S and 28S genes, highly conserved SS coding regions alternate with spacers that may be internally repetitive and variable in length (97, 98) . The cytological location of the 5S genes varies from organism to organism . In Xenopus they occur in clusters near the tips of the long arms of all the chromosomes (99); in the newt Notophthalmus they are found in the pericentromeric heterochromatin of four chromosomes and at one interstitial site (100); in Drosophila (101) and maize (102) they occur at a single site . Thus there is no obvious pattern to their location.
Their numbers are equally variable . Drosophila has about 160 copies (103) whereas X. laevis and X. borealis have about 24,000 and 9,000, respectively (104) . As just discussed, the nurse cells of Drosophila make amplification of the genes for 18S and 28S rRNA unnecessary. The nurse cells probably produce 5S RNA as well. On the other hand, Xenopus lacks nurse cells, and one would suppose that the oocyte would amplify the 5S genes just as it does the 18S and 28S sequences . This is not the case, however (85); instead, the large number of 5S genes is maintained in the chromosomes primarily for use during oocyte development. This remarkable conclusion grew out ofthe discovery that oocyte and somatic 5S RNA sequences differ by a few nucleotides (105, 106) . When the 5S genes were isolated by centrifugation from bulk genomic DNA, they were found to consist largely of oocyte-type sequences (107) . Only after other minor sets of 5S genes had been isolated and characterized were the somatic genes finally discovered in both X. laevis and X. borealis (108) . They consist of several hundred repeats with an entirely different spacer from the major oocyte species. The sequence data make it clear that thousands of 5S genes are carried as extra baggage in somatic cells to be expressed only in oocytes . During oogenesis 5S RNA is synthesized at a high rate in previtellogenic oocytes, well before the maximal rise in 18S and 28S rRNA synthesis (109) . Thus even though each ribosome will eventually contain one 5S molecule for each 18S and 28S molecule, the genes are unlinked, and their transcription is temporally uncoordinated .
The formation of ribosomes during oogenesis is an important developmental event requiring synthesis of large amounts of 18S, 28S, and 5S ribosomal RNA . As just discussed, it is now clear that different organisms utilize quite different mechanisms to deal with the problem. In some cases genes are amplified extrachromosomally, in others the gene product is supplied by polyploid nurse cells, and in still others a special set of oocyte genes is maintained in the chromosomes . Surprisingly a single organism may utilize two different mechanisms, as in the case of Xenopus, which amplifies the 18S and 28S genes, but carries special oocyte 5S genes, even though the mature ribosome must contain equimolar quantities of each RNA. Another such case occurs in the beetle Dytiscus, which amplifies the 18S and 28S genes in oogonia and oocytes, but which also has polyploid nurse cells that supply RNA to the oocyte (110) .
The genes coding for histones have been studied extensively in three species of sea urchin and in Drosophila (reviewed in reference 63). Earlier investigations by ultracentrifugation demonstrated that the genes were repetitive and probably clustered (111) . With the advent of molecular cloning it was possible to obtain a restriction enzyme fragment 7 kb in length from the sea urchin Strongylocentrotus purpuratus that contained one coding region for each of the five histones in the order H1, H4, H2B, H3, H2A (112) . Each coding region was separated from the next adjacent one by a spacer . Altogether there are several hundred serial repeats of this five-membered unit. A similar organization including the same gene order was demonstrated in two other species of sea urchin, Lytechinus pictus and Psammechinus miliaris. In Drosophila there are fewer gene copies, about 110 in all, but here too there is a repeating unit containing one each of the five genes (113) . A notable difference in organization between the three sea urchins and Drosophila is that the coding regions are all in one strand in the sea urchins, whereas two coding regions are on one strand and three on the other in Drosophila . The Drosophila genes, therefore, cannot be transcribed as a single polycistronic messenger . Studies on histones during sea urchin development have shown the remarkable fact that histones produced at different stages may have different primary amino acid sequences (114) . For instance, histone H 1 from cleavage stages differs from its counterpart during gastrulation. The mRNAs for the two species are different and must be coded for by separate genes . Even in the case of histone H4, which has the same amino acid sequence at different stages, the messenger RNAs are distinct . The genes that have been cloned are in every case those which code for the earliest histone, suggesting but not proving that the later variants are coded for by relatively rare genes. If this turns out to be true, the analogy with the 5S genes would be close . That is, the organism may maintain a family of similar, repeated genes for use during a critical stage in its life history when unusually rapid synthesis is necessary. As in the case of the ribosomal RNA genes the mechanism used by the sea urchins might not represent a unique solution to the problem . For instance, Xenopus, which has much the same need for histones during embryogenesis, has only 20-50 gene copies (115) . Adamson and Woodland (116) suggest that Xenopus synthesizes and stores histones and histone mRNAs during oogenesis, a protracted period lasting several months, and that the increase in histone synthesis in cleavage stages is dependent on stored mRNA. It appears that the difference in number of histone gene copies between the sea urchins and Xenopus may be correlated with different solutions to a developmental problem, although more information is needed before this conclusion is firm.
Genes coding for various proteins have now been cloned by recombinant DNA methods and their structure examined in detail; the number of new proteins analyzed is increasing at a rapid rate, and only a few general comments can be made here . In most cases the genes are ones which code for abundant or superabundant proteins, a fact that may have some bearing on the structures discovered. Although some of the genes may be present in only one copy in the genome, most of the examples studied consist of a small family of closely related sequences, for instance a-and Q-globin (117-119), actin (120), ovalbumin (121) , and vitellogenin (122) . A few, such as the chorion protein genes in the silk moth, Antheraea consist of a family of sequences coding for a large number of similar but not identical polypeptides (123) . Among the most surprising features is the widespread occurrence of intervening sequences (or introns) separating the coding sequence into two or more segments (discussed in reference 124). The number of intervening sequences per gene varies considerably, there being two in mamGnu Chromosome Structure and the C-Value Paradox malian a-globin, seven in the ovalbumin gene of the chick, and an incredible 33 in the vitellogenin gene of Xenopus . There is good evidence in the case of the hemoglobin genes that the intervening sequences are ancient from an evolutionary standpoint. This is shown by the fact that two intervening sequences occur at approximately the same places in the Q-globin genes of several species, as well as in the 8-and -y-variants and in aglobin (119) . Either the intervening sequences were present in their current locations in the progenitor gene from which these related genes were derived or transpositions occur preferentially to these sites.
Intervening sequences obviously add to the total DNA content of organisms that possess them. Because of limited data it is not yet possible to relate the C-values of organisms with the number and length of their intervening sequences. In yeast very short intervening sequences have been described in tRNA genes (125) , but until now only one (304 bp) in a proteincoding gene, that which codes for actin (126) . In Dictyostelium, which has a very small genome (C = 0 .05 pg), two small introns have recently been found in a gene coding for an mRNA of unknown function.' In D. melanogaster (C = 0 .18 pg) some of the rDNA repeats have introns (82) , and an intron has been described in a gene coding for actin (120) . From the limited information available, one gets the impression that organisms with small C-values may have fewer introns than those with larger ones, but this may be caused in part by spotty sampling . The C-value of the chicken (C = 1 .2 pg) and Xenopus (C = 3 .2 pg), which contain such remarkably discontinuous genes, are small to moderate by comparison with many other eukaryotes . Organisms with very high C-values have not been examined for intervening sequences in protein-coding genes. Notophthalmus (C = 45 pg) has an average sized rDNA repeat (about 15 kb) and a very short 5S repeat (231 bp) with no evidence for introns .2 I feel that major differences in C-value will probably not be directly ascribable to differences in the number and sizes of introns .
Chromomeres, Bands, and Loops
Perhaps the most obvious feature of chromosomes at the light microscopical level is that they are neither uniform nor regularly periodic. Instead they possess aperiodic discontinuities represented by chromomeres (especially in meiotic prophase), by bands in polytene chromosomes of insects and other organisms, and by loops in the lampbrush chromosomes of oocytes. The number of bands has been counted carefully in the salivary gland chromosomes of D. melanogaster. The best estimate, based on the studies of C. B. Bridges and P. N . Bridges is 5059 (127) . The number of chromomeres in a lampbrush chromosome set varies with age of the oocyte, but the number counted during the maximal lampbrush stage is similar to the number of polytene bands, e .g., about 5,000 for Triturus and 3,000-6,000 for Plethodon (128, 129) . The number of loop pairs is somewhat higher, because there is often more than one pair of loops per chromomere . It is a striking fact that the number of bands in Drosophila and the number of chromomeres in the salamanders are very nearly the same, even though the DNA contents of the two organisms differ by more than 100-fold. Does this mean that there are domains of chromosome structure, whose number remains relatively constant during chromosome evolution, but whose size varies with C-value? Kimmel, A. R., and R. A. Firtel. Personal communication. 'Kay, B., and J . G. Gall. Unpublished observation .
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THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981 This question will be easier to answer once a clearer picture is obtained of a band and interband in Drosophila and other Diptera. Fortunately that time is not far away. Already from genetic analysis of Judd and Young (130) and others, we know that a band contains no more than a few complementation groups, even if the simple correlation of one band = one complementation group is an overstatement . The amount of DNA in a band, i.e., per chromatid, averages 20 kb with a range of perhaps 10-fold between the faintest and most prominent bands (the average is obtained by dividing the amount of euchromatic DNA, about 105 kb, by the number of bands) . The smaller bands simply do not have enough DNA to contain many structural genes along with whatever control regions, spacers, and the like must be present. In the case of the histone genes it is known from in situ hybridization that the repeated sequences extend over several bands (131) . Even in the case of an extraordinarily large puff, the Balbiani ring 2 of Chironomus tentans, there may be only one transcription unit (132) . Because by hybridization techniques it is possible to select overlapping clones from a clone library of Drosophila ("walking" along the chromosome), there will soon be available several sets of clones that extend over more than one band's worth of DNA . From these it should be possible in principle to evaluate the number of structural genes and transcription units per band. In the case of the lampbrush chromosomes, it is reasonably certain from morphology both at the light microscopical and electron microscopical levels, that a loop often consists of a single transcriptional unit. On the other hand, there are clear cases where the morphology suggests two or more transcription units (133) .
In situ hybridization experiments demonstrate that the RNA transcripts over a long segment of a loop may hybridize with a specific DNA probe, once again consistent with the notion that a loop contains one or a small number of transcription units (134) . The missing information in the case of the lampbrush chromosomes, in order to make a comparison with the bands of the polytene chromosomes, is how many structural genes or complementation groups may reasonably be present in one loop and its associated chromomere.
A unified model of eukaryotic chromosome structure might begin with the postulate that higher organisms have a more or less constant number of chromosome units or domains, roughly equal to the number of bands in Drosophila polytene chromosomes or loops in Triturus lampbrush chromosomes. Each of these domains would contain one or a small number of structural genes and a correspondingly small number of transcription units. As the DNA content of the organism went up or down during evolution, the number of units would remain the same while the amount of DNA per unit varied enormously. Thus both Drosophila and Triturus would have the same 5,000 or so chromosome domains, but the domains in Triturus would contain on average more than 100 times as much DNA as those in Drosophila . Just how the extra DNA might be organized is open to conjecture . My preference is to suppose that much of it may occur as spacers between the active transcription units . The extreme form of this model postulates that active gene regions are similar in number and organization throughout the range of eukaryotic organisms, but that they are more widely spaced in organisms with high C-values. A corollary of this model is that changes in DNA content occur more or less uniformly along the length of the chromosome to account for the common observation that related organisms with different C-values may have very similar karyotypes (10) . In order to test these speculations at the molecular level, it will on August 28, 2017 jcb.rupress.org Downloaded from be necessary to compare the organization of structural genes in organisms with a wide range of C-values. Obviously this model of chromosome structure does not "explain" the C-value paradox. It does, however, stress that the number of active genes and transcription units need not be correlated with the total amount of DNA. From a structural standpoint it focuses attention on the organization of the individual chromosome domains, and it could be critically tested by showing that the spacing of active genes varies more or less linearly with Cvalue. It has been pointed out several times that DNA content is positively correlated with nuclear and cell size and inversely with rate of mitosis and rate of embryonic development (41) . If these correlations are more than fortuitous, it would be useful to look for ways in which the DNA content of the chromosome domains might regulate the timing of mitosis and the rate at which the embryonic program is read .
An adequate model of chromosome structure must ultimately encompass not only the organization of individual genes but also the ways in which these genes are regulated during cell function and especially during embryonic development . In this light the study of chromosome organization has only just begun, and we can confidently predict major changes in our outlook during the next 25 years.
Many of the topics discussed in this review are treated more extensively in the Cold Spring Harbor Symposium, Volume 38 (1974) on Chromosome Structure and Function, and Volume 42 (1978) on Chromatin.
